INTRODUCTION
A bee plant's contribution to honey production depends not only on its abundance but also on its nectar quality and quantity. Moreover, not all nectar produced by flowers is accessible to honeybees (Bastiaan, 1984) . Even if accessible, the amount and concentration of nectar varies from plant to plant, and over time (Roubik, 1991; Chalcoff et al., 2006) . Many studies have been conducted on different species to quantify nectar secretion and to explore its dynamics, mainly in relation to pollination biology, phenology and biophysical factors of the environment (e.g. Petanidou and Smets, 1996; Castellanos et al., 2002; Galetto and Bernardello, 2004) . Quantitative studies on nectar secretion of melliferous plants include those of Pesti (1976) , Mohr and Jay (1990) , Nepi et al. (2001) , Farkas and Orosz-Kovács (2003) , Horváth and Orosz-Kovács (2004) and Zajácz et al. (2006) .
Based on detailed studies of the dynamics of nectar secretion and its amount and sugar concentration, it was possible to estimate the honey production potentials of some important honey source plants like Asclepias syriaca L. (milkweed) (500-600 kg honey/ha/flowering season; Zsidei, 1993) ; Trifolium pratense L. (red clover) (883 kg of sugar/ha/flowering season; Szabo and Najda, 1985) ; Phacelia tanacetifolia Benth (60-360 kg honey/ha/flowering season; Nagy, 2002) . Moreover, Crane et al. (1984) reported the honey production potential of different Tilia (lime) species ranging from 90 to 1200 kg honey/ha. Recently, Kim et al. (2011) quantified the amount of nectar secreted per flower and also per tree for Crataegus pinnatifida Bunge (Chinese hawthorn).
However, there are still many important melliferous plants for which nectar secretion and its significance for honey production have not yet been documented. These plants include one of the most important melliferous species, Ziziphus spina-christi. This species grows in a wide range of habitats covering vast land areas from North West Africa to East Africa, through the Sahara and Sahelian zones into the Eastern Mediterranean, the Arabian Peninsula, Iran, Turkey, and up to Western and Tropical Asia (Scholte et al., 1991; Orwa et al., 2009) . The plant grows naturally in 16 African countries (NAS, 1980) and in 13 Asian countries (Scholte et al., 1991) . It is one of the most drought and heat tolerant plant species, commonly found in an altitude range from 0 to 2000 m.a.s.l., and is adapted to high temperatures and low rainfall (Orwa et al., 2009 ). The tree is widely used to produce a range of products: food, fodder, fuel, drink, timber, medicine and more. It is also widely used to protect against soil erosion, and as a shade tree (Orwa et al., 2009) . Finally, Ziziphus spina-christi is considered the most important tree for producing honey in the regions where it grows, particularly in the Middle Eastern countries. The honey from this tree is the top speciality and the most expensive honey, selling for up to $190/kg (Shenouda, 2004) . Khanbash (2003) tried to estimate the honey yield per Ziziphus spina-christi tree based on the number of colonies kept in selected valleys, the Ziziphus tree density in the valleys, and the amount of honey obtained from the valleys. He calculated the average honey yield as 3.5 -5.8 kg per Ziziphus tree. Moreover, Keasar and Shmida (2009) evaluated the comparative importance of Ziziphus spina-christi and reported that the species secreted a large amount of nectar. However, so far there have been no detailed studies with sufficient sample sizes involving close monitoring of the phenology of the flowers, nectar secretion dynamics, the mass of sugars produced per flower and per tree, and the potential for honey production.
Such studies are very important as a basis for understanding the value of each plant for honey production and for recommending the planting as well as for the conservation of such multipurpose honey plants. In this study, we have determined the amount of nectar sugar secreted per flower and also number of flowers per tree. We used these data to estimate the honey production potential per tree and also per hectare.
MATERIAL AND METHODS
The study was conducted at the Agricultural Educational Farms of King Saud University, Riyadh, Saudi Arabia, in September 2011 to March 2012, on clear sunny days without rain. Phenology For the phenology study, observations were made on four trees. From each tree, five flower buds (a total of 20) were labeled, and the timing of anther dehiscence, stigma receptivity, and nectar secretion were observed and recorded. The stigma receptivity was determined through monitoring the different stages: greenish, shining, and browning of the stigma tip. Vol. 56 No. 2 2012
Monitoring was done using hand lens and stereo binocular microscopes. The flowering stages were determined by observing the flowers every two hours from flower opening until the end of flowering, for four consecutive days.
Dynamics of nectar secretion Nectar secretion and its dynamics were determined in two ways. Firstly, to determine whether or not nectar removal initiates more nectar secretion, and also to identify the time of peak nectar secretion, nectar was repeatedly removed and measured. The second experiment involved the measurement of the accumulated nectar at the end of the flowering stage.
Repeated nectar removal and measurement of nectar concentration
For repeated nectar measurements, 19, 16, 19 and 34 flowers from trees 1, 2, 3, and 4, respectively (a total of 88 flowers buds), were labeled and bagged with bridal-veil netting (Wyatt et al., 1992) . The nectar was removed every four hours, during the day only (at 06.00 h, 10.00 h, 14.00 h and 18.00 h) for two consecutive days. Nectar was collected using Mallick's (2000) washing technique. The microclimatic condition of the study area (≤ 20% RH and mean daytime temperatures of 30 -45 o C) resulted in rapid evaporation, making the nectar very concentrated and viscous (> 72% sugar, g sugar/100 g solution), and leading to rapid crystallization on the surface of the flowers. For these reasons, it was difficult to remove and measure the secreted nectar volume using a micropipette. Similar difficulty in measuring nectar volume using a micropipette has been reported, for example, in Eucryphia lucida (Eucryphiaceae) (Ettershank and Ettershank, 1993) . Therefore, to estimate the amount of sugar per flower, 10 μl of distilled water was deposited using a calibrated micropipette (Eppendorf Research ® ) onto the viscous or crystallized nectar sugar on the surface of a flower. The flowers were handled with care to avoid floral damage and subsequent contamination of the nectar with tissue fluids.
The water was allowed to dissolve the sugar on the surface of the flower. The water was left there only briefly, for about 1 minute, to avoid rapid evaporation and subsequent concentration of the solution. When the solution was recovered, no measurable volume increment was observed because the nectar was mostly very viscous and/or in crystallized form. The sugar dissolved in the distilled water without significant volume change. Like Mallick (2000), we found that the volume recovered was sometimes less than the volume added, because some solution was retained by surface tension on the floral tissues. Since the sugar present dissolved in the whole 10 μl of water that was added, the concentration of the recovered solution reflects that of the 10 μl 'pool' in the flower, and was used to estimate the total sugars present assuming a volume of 10 μl.
The concentration of the solution was measured using an automatically temperature-compensated, digital handheld refracto-meter (Reichert, Catalog number 13950000, USA). The refractometer was calibrated with distilled water. For each flower and measurement, a new micropipette tip was used. For the repeated sampling procedure, to avoid re-measuring of sugar that might remain from the previous secretion period, after every removal each flower was rinsed/washed three times by adding and removing 10 μl of distilled water which was sufficient to lower the refractometer reading to ≈ 0 or ≤ 1%.
Measurement of nectar concentration in accumulated nectar sample
A total of 120 flower buds (28, 18, 14 and 60 from trees 1, 2, 3 and 4 respectively) were labeled and bagged with bridal-veil netting. The labeled flowers were from the same branches and trees used for repeated sampling. The concentration of sugar in accumulated nectar was measured at the end of the flowering stage (at 18.00 h on the second day after opening) following the same procedures applied for repeated sampling.
Determination of the mass of sugar
The mass of sugar in nectar secreted by each flower was calculated from the volume and concentration of the solution measured. For this, the concentration readings (mass/total mass, g sugar/100 g solution) were converted to mass/volume using Weast's (1986) conversion table.
The average amount of honey that can be obtained from a single tree was estimated from the average numbers of flowers per tree and the average mass of sugar per flower, following procedures similar to those of Masierowska (2003) and Kim et al. (2011) . Accordingly, all the flower buds were counted in five random areas of 1 m 2 of canopy surface per tree on four trees. Then the mean number of flower buds/m 2 was calculated. Flower buds were counted early in the flowering period of the plants, so as not to miss flowers that were shaded. In Ziziphus trees, almost all flower buds appear at once, but flowers open a few at a time. The average number of flowers per tree was estimated by multiplying the average surface area of the canopy by the average number of flower buds/m 2 . The average surface area of the canopy was obtained by measuring 10 Ziziphus tree canopies. Measurement was made manually using a rectangular (2 m x 3 m) wooden frame. The frame was further divided into six equal 1-m 2 units using grid wire. The small unit areas were used to measure small and irregular surface areas in the canopy. When the canopy was high above the ground, the rectangular frame was fixed to a long stick to reach the height of the canopy. The top surface area (A) of the canopy was estimated by measuring the diameter of the top of the canopy (= 2r) and calculating it as A=πr 2 . The total mass of sugar that can be obtained from one tree was estimated by multiplying the average number of flowers per tree by the average mass of sugar per flower, and this was used to estimate the amount of honey that can be obtained per tree and per hectare of a Ziziphus forest area. The results were compared among trees, and also between accumulated and repeated nectar collections. Along with these, the environmental factors (relative humidity of the air and air temperature) were recorded.
Statistical Analysis
To compare the mass of sugar secreted per flower per 4-hour period from the different trees, a repeated measures analysis of variance (ANOVA) was used with 4-hour periods as the repeated measure and trees as a factor (Johnson and Wichern, 2007) . Prior to analysis, normality and homogeneity of the variances of the data were checked using Kolmogorov-Smirnov and Levene tests, respectively. Heterogeneity of the variances was eliminated after the square root transformation of the data (Kolmogorov-Smirnov, P > 0.20; Levene, P > 0.50). All tests were performed using Statistica© (StatSoft, 2010) .
RESULTS

Phenology of flowers
Generally, most of the flowers of Ziziphus spina-christi were observed to open early in the morning before 06.00 h. The anthers started to dehisce between 06.00 h and 10.00 h, before the stigma becomes fully receptive. The stigma starts to become shiny and receptive between 14.00 h and 18.00 h. Then, the stigma becomes brown, as a result of fertilization or aging or the end of receptivity.
Nectar secretion was observed as very tiny droplets starting from 06.00 h on a few flowers. By 10.00 h, all flowers had started to secrete considerable amounts of nectar and this gradually increased to peak at 14.00 h. During this time, the viscous nectar fully covered the disc in some flowers. As a result of low humidity and high temperatures between 14.00 h and 18.00 h, the viscous nectar became completely dry and changed into crystalline sugar on the surface of the flowers. Nectar secretion continued up to midday of the second day, but the rate of secretion gradually diminished (Fig. 1) . At the end of the second day the flowers generally wilt, but do not fall off. Vol. 56 No. 2 2012
Mass of sugar
The study revealed differences in the nectar sugar secretion rate among trees and also among flowers within a tree. For flowers from which the nectar was removed every 4 hours, the overall mean (±s.d.) mass of sugar produced per flower was 0.79±0.54 mg (range 0.09-2.48 mg). The average nectar sugar values for flowers from investigated trees were 1.43±0.53 mg, 0.72±0.27 mg, 0.94±0.39 mg and 0.37±0.26 mg for trees 1, 2, 3 and 4, respectively (Tab. 1). The difference in mean masses of sugar among trees was statistically significant (N=88, F 3,84 =39.44, P<0.0001). Some trees secreted considerably higher amounts of sugar than others (Fig. 2) . There was a significant difference in the mean mass of sugar between the 4-hour periods (repeated measures ANOVA: F 7,588 =302.57, P<0.0001), and a significant interaction effect between trees and 4-hour periods (F 21,588 =25.02, P<0.0001). The mass of nectar sugar increases between 10:00 h and 14:00 h for trees 1, 2 and 3 but was observed to decrease for tree 4 (Fig. 2) and (Tab. 2). T a b l e 1 . can be produced per m 2 of canopy was 34.036 g. The average canopy surface area of a Ziziphus tree was 87.5 m 2 (range 52.9 m 2 -125.4 m 2 ). Based on this estimate, the average mass of sugar produced per tree was about 2.978 kg (range 1.80 kg -4.268 kg).
Given that 1 kg of honey with 18% moisture content (wt/wt) contains 820 g total dissolved sugar, the mean mass of sugar produced by a single tree (2.978 kg) is estimated to produce 3.6 kg of honey (range 2.2 -5.2 kg). Given that the land area required per Ziziphus tree is about 40 m 2 considering the required spacing between trees, the total number of Ziziphus trees per hectare of land is about 250. Therefore, under ideal conditions, the average honey production potential per hectare of Ziziphus forest area per flowering season would be about 900 kg (range 550 kg -1300 kg). If there is a rain, the Ziziphus trees flower two times a year (September to November and May to June), so the amount of honey that would be obtained per annum would be much more than the estimated amount.
The effect of environmental factors on nectar secretion
During the study period, relatively low ambient humidity down to 20% and high day temperatures of 30-45 o C were recorded. Although it was not possible to assess the effect of these environmental factors by controlling humidity and temperature, under natural conditions peak nectar secretion rates were observed at times when the mean temperature was 45 o C (Fig. 3) . Such high temperatures coupled with low air humidity leads to rapid concentration and crystallization of the nectar on the surface of the flower.
DISCUSSION
In this plant, nectar secretion starts on the day of the opening of the flower (before 06.00 h). Nectar secretion reaches a peak from 10.00 -18.00 h, and is observed to continue at a declining rate on the second day after opening (Fig. 1) . The relatively extended duration of nectar secretion could be an adaptation of the plant to ensure pollination of flowers by attracting target pollinators.
The rapid crystallization of the nectar sugar is largely attributable to the flower morphology and environmental factors. The flowers of Ziziphus are open discs without a corolla tube. The nectar is freely exposed to external weather factors and particularly to rapid evaporation associated with high temperatures (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) o C) and low relative humidity (20%). The great influence of low humidity and warm and dry conditions on the amount and sugar concentration of nectar was reported by Mačukanović et al. (2004) . However, we found no evidence that the rate of nectar secretion was reduced by the high temperatures in the area; there was high nectar secretion during the period of high temperatures (Fig. 3) . The presence of a significant positive correlation (N=16, r=0.666, P=0.005 ) between temperature and the mass of nectar sugar secreted in 4 h periods may indicates the high adaptation of the plant to warm climates (Fig. 3) . The heat tolerance of Ziziphus has been reported by Orwa et al. (2009) . Petanidou and Smets (1996) reported a positive correlation between all nectar values (i. e. volume per flower, sugar content and concentration) and temperatures in the Mediterranean up to 38°C for Thymus capitatus. Crystallization of the nectar on the surface of the flower may negatively affect the efficient collection of nectar by legitimate pollinators including honeybees. As a result, in such high temperatures and low humidity, the amount of nectar available to bees and also the amount of honey that can be obtained would be below the estimated nectar production potential of the Ziziphus plant. In this regard, despite the presence of ample crystalized nectar sugar on the flowers of Ziziphus and also the presence of honey bee colonies near the experimental trees, no honeybees were observed visiting the flowers in the afternoon between 14.00 h and 18.00 h. The mean mass of nectar sugar taken from flowers under repeated nectar removal (0.79±0.54mg) was significantly higher than the mean mass of sugar available in flowers under accumulated nectar sugar (0.55±0.23 mg). The variation was significant (N=208, t 206 =4.31, P<0.001). This difference could be due to the fact that nectar removal may stimulate further secretion. Castellanos et al. (2002) also found that twice as much as nectar was available in flowers from which nectar was removed periodically than in flowers from which it was not removed.
Honey production potential
The average mass of sugar secreted per tree (2.978 kg), and the potential amount of honey that can be obtained from one Ziziphus tree (3.6 kg honey) are relatively high. These values indicate the high potential of the plant for honey production and attraction of pollinators. The actual amount of honey that can be obtained in the hive is expected to be below the estimated amount from this study because (1) when bees collect and transport the nectar to hives they definitely consume a certain amount of sugar for their flight energy and (2) due to its rapid crystallization, all the nectar secreted may not be available to honey bees. The average honey production estimate in this study was interestingly close to Khanbash's (2003) honey yield estimate of 3.5 -5.8 kg per Ziziphus tree. It should be noted, though, that his estimate was based on the number of Ziziphus trees in a given area and the honey yield obtained from honeybee colonies kept in that particular area. The potential of the plant for such a high sugar/honey production is mainly attributed to the richly branched and thick nature of the crown, with a large canopy surface area.
The Ziziphus tree's potential for high nectar secretion could also be due to its flowering pattern. Even though all flower buds appear at the same time on cymes, their flowering pattern is distributed throughout the flowering period -a few flowers/cyme/day for up to two months. This pattern could be due to an adaptation of the plant to get sufficient pollinators for flowers. A few flowers opening per cyme/day rather than too many flowers per cyme/day would minimize pollinator competition among flowers. The Ziziphus tree's extended flowering pattern could also be due to the plant's adaptation to get sufficient sugar for nectar preparation from daily photosynthesis in the leaves. Moreover, the very deep rooted nature of the plant is an adaptation to use deep ground water, so that it can produce nectar without experiencing moisture stress. Vol. 56 No. 2 2012
Under ideal environmental conditions, the estimated average amount of honey (900 kg) that can be obtained per hectare from Ziziphus forest areas is close to the amount of honey reported per hectare for some annual crops and trees like Asclepias syriaca L. (milkweed) (500-600 kg/ha; Zsidei, 1993) ; Trifolium pratense L. (red clover) with an estimated sugar yield of 883 kg/ha/flowering period (Szabo and Najda, 1985) , and various Tilia (lime) species (90 -1200 kg/ha; Crane et al., 1984) .
CONCLUSION
This study shows Ziziphus spina-christi to be one of the high-potential honey source plants in arid and semi-arid climatic conditions. It was observed, that the nectar secretion of flowers was positively correlated with the ambient temperature of the area indicating the high adaptation of the plant to high temperatures. Based on the amount of sugar estimated to be secreted, the monetary value of Ziziphus honey obtained per hectare of Ziziphus forest can be equal to or greater than the per-hectare monetary value of some crops that require many inputs (seed, fertilizer, labor, disease and pest control expenses). It is worthwhile to plant or to conserve the multipurpose Ziziphus trees both for honey production and for environmental value.
